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Attempted substitution of new solid materials and composite 
metal strips for those materials presently being used in many applica-
tions now bei.ng pursued vigorously in industry. A serious problem 
was created because the newly proposed materials do not exhibit 
the same springback after bendi.ng as did the previously used mat-
erials in a particular bend ~ngle and radius situation. 
Elementary bend theory and mechanical metall~rgical tech-
niques have been incorporated into a method which can be used 
to accurately predict the .2% offset yield str~ngth of any pro-
posed rolled-temper solid metal strip and some composite strips 
when they must exhibit the same spri.ngback ~ngle as does the 
presently used material. 
The method considers the work hardening characteristics 
of the material be~ng compared and is not sensitive to spr~ngback 
problems result~ng from the con~iguration of the stress-strain 
curve for the materials. Materials were found to behave as 
their engineering stress-strain curves predicted. Differences 
between similar materials such as chemistry and: grain size were 




Grateful appreciation is hereby given for the under standing 
and patience of my wife and family; for the use of Olin laboratory 
and production equipment; and the helpful suggestions and encour-
agement of Dr. Carlo Sonnino. 
v 
LIST OF FIGURES 
Figures Page 
1. Definition of terms used in bending 4 
2. Geometry of a bend 1 3 
3. Stress and strain distribution in a bend. 14 
~ 
4. Equilibrum condition of all elements after bcnding . 1 7 
5. Tinius Olsen Stiffness Tester • 24 
6. Low carbon steel stiffness tester springback results 
for reductions frorn • 040" gauge annealed ternper . 30 
7. Brass/low carbon steel/brass~ 1 Oo/o/S0%/1 Oo/o~ com-
posite stiffness tester springback results for 
reductions from. 040" gauge annealed temper 
8. Brass stiffness tester spring back results for reduc-
3 1 
tions from • 040" gauge annealed temper 32 
9. Qualitative stress -strain relationships present in the 
stiffness tester springback results • 40 
10. Graphical presentation of the general method 42 
11. Mechanical properties versus percentage cold rolling 
reduction for hypothetical substitute metal strip 46 
12. Stress-strain curves beyond the. 2o/o offset line at 
various cold rolling reductions for hypothetical 
substitute metal strip 4 7 
13. Olin Metallurgical Laboratory standard bend tester 49 
14. 110 0 aluminum stiffness tester springback results for 
reductions from • 040" gauge annealed temper 61 
Figures 
15. Copper/1100 aluminum/copper. l0%/80o/o/lO%. 
composite stiffness tester springback results for 
vi 
Page 
reductions from. 040 11 annealed ten>per 62 
16. Copper stiffness tester springback results for reduc-
tions from • 040" annealed temper 63 
17. 510 Phosphor bronze stiffness tester springback results 
for reductions from • 040" gauge annealed temper • 64 
18. 304 stainless steel stiffness tester springback results 
for reductions from. 040" gauge annealed teTnper • 65 
19. Muffler grade stainless steel stiffness tester spring-
back results for reductions from • 040" gauge 
annealed temper • 66 
20. Brass/low carbon steel/brass. 5%/80%/15%. composite 
stiffness tester spring back results for reductions 
from. 040" gauge annealed temper. 5% Cladding 
side on convex side of the bend 67 
21. Brass/low carbon steel/brass~ 5%/80%/15%~ compos-
ite stiffness tester springback results for reductions 
from. 040 11 gauge annealed temper. 15% Cladding 
side on convex side of the bend 68 
22. Armco Super Soft low carbon steel stiffness tester 
springback results for reductions from • 024 11 gauge 
annealed temper • 69 
23. Low carbon steel stiffness tester springback results 
for reductions from • 024" gauge annealed temper • 70 
24. Brass stiffness tester springback results for reduc-
tions from • 024 11 gauge annealed temper • 7 1 
25. Alloy 0629 aluminum bronze stiffness tester spring-
back results for • 020 11 gauge annealed temper 
26. Graphic~! method of predicting the • 2% offset yield 
strength of S%/80%/lSo/o brass/low carbon steel/ 
brass composite to give s.ame springback as 




27. Mechanical properties versus percentages cold 
rolling reduction for 5%/80%/15%~ brass/ low 
vii 
Page 
carbon steel/brass composite 74 
28. Stress-strain curves beyond. 2% offset line at various 
cold rolling reductions for 5o/o/80o/o/15% brass/low 
carbon steel/brass composite strip. 75 
29. Graphical method of predicting the • 2% offset yield 
strength of solid brass to give sei,me springback as 
solid 304 stainless steel • 76 
30. Mechanical properties versus percentage cold rolling 
reduction for solid brass 77 
31. Stress -strain curves beyond • 2% offset line at various 
cold rolling reductions for solid brass strip. 78 
32. Graphical method of predicting the • 2% offset yield 
strength of 1 Oo/o/80%/1 Oo/o, copper /1100 aluminum/ 
copper composite to give same springback as 
solid low carbon steel 79 
33. Mechanical properties versus percentage cold rolling 
reduction for 10o/o/80o/o/10o/o, copper/1100 aluminum/ 
copper composite. • 
34. Stress-strain curves beyond. 2% offset line at various 
cold rolling reductions for 10%/80o/o/10o/o~ copper/ 
80 
1100 alUininum/ copper composite strip • 8 1 
LIST OF TABLES 
Tables 
I. Chemical analysis of materials studied • 
I I. Annealing conditions for metal strips annealed in 
laboratory furnace using nitrogen atmosphere 
III. Mechanical properties of annealed and cold 
reduced strips. 
IV. Tinius Olsen Stiffness Tester bend angle versus 
springback angle results 
V. Consolidation of mechanical pronerties, yield 
str ength/ulthnate strength ratio~ and stiffness 









INTRODUCTION AND LITERATURE REVIEW 
A. Statement of Problem and Reason for Selection 
This is the age of material substitutibns. Commercial 
consumers of metal strip are becoming more and more avvare 
of the fact that they can substitute cheaper materials or those 
which have a functional advantage for the ones they are pre-
sently using. One new family of materials which is beginning 
1 
to becorne quite a factor in promoting these substitutions is 
composite metal strip. These new multilayered materials can 
offer the user tailor -made functional benefits for the iterns manu-
factured. Also significant cost or weight reductions can be 
affected by filling the majority of the cross -sectional volume of 
the strip with a less expensive metal layer or one which has a 
significantly lower density. 
Bending is commonly performed on rolled-temper metal 
strip. This is particularly true for items made from copper 
and copper alloys. }vlanufactur er s have large amounts of money 
tied up in tooling which is designed to perform the desired bends 
and give the resulting radii and metal springback conditions which 
will yield a satisfactory part. Initial trials of substituted materials 
2 
are usually performed on the same tooling being used on the original 
metal strip. This is done because the acceptance of a substitute 
is generally decided on the basis of testing the part after its 
fabrication and therefore optimization of the manufacturing tool-
ing cannot be justified until finished parts of the proposed metal 
strip are evaluated. Spring back after bending different metals 
varies widely. Therefore~ many substitutions involving bending 
have shown poor results since the resulting formed article does 
not have the same configuration as an article made from the 
normally used material and as a result cannot be further evaluated. 
This thesis takes a mechanical metallurgical approach to 
the proble1n of obtaining satisfactory springback conditions fro1n 
a substituted material when it must perform in an equivalent way. 
Bending theory for solid metals will be shown to be applicable 
to two different types of commercially hnportant metal composites. 
A method is developed which will predict the Inechanical properties 
necessary for equivalent.springback performance of the two com-
posites or of any solid metal strip when they must perform in an 
equivalent manner to a presently used 1nctal strip on existing 
bending equip1nent. 
3 
B. Definitions' Associated with Bending and General Considerations 
Metal bending studies began being pursued seriously at the 
onset of World War II and they have continued to the present time. 
This came from the necessity for production of aircraft with their 
many requirernents for bent sheet components in their manufacture. 
Sachs 1 was one of those who contributed most to the technology of 
bending metal sheet. Fig. l shows standard definitions pertaining 
to bending. These definitions will be used. throughout this thesis. 
A positive strain is an increase in din1enE.:6on and is called a stretch. 
A negative strain is a decrease in the din1ension and is called a 
shrink. 
The process of deflecting metal sheet or strip and plasti-
cally bending it so that elements in the cross -section are strained 
beyond the yield point has been studied primarily from the stand-
point of considering only the stresses and strains in the direction 
perpendi'cular to the bend. This is con:11nonly called the circum-
ferential direction. For a bend with a uniform radius. the cir-
cumferential stresses and strains are considered to vary only in 
a direction perpendicular to the strip surface; this is called the 
radial direction. Of course stresses and strains occur in the 
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circumfer entia I' and radial direction. This direction is called the 
transverse direction. The elementary theory of bending considers 
the stresses and strains not in the circumferential direction as 
being insignificant for the process of bending. 
The circumferential distribution of the strains depends on 
the method of bending. 2 Bending using only a pure bending moment 
is an ideal procedure and gives uniform strains over nearly the 
entire bend arc. The commeTcial equipment which most closely 
approaches the application of a pure bending moment is a v.riper-
former. The metal is pTogressively ''wiped" aTound a radius die 
to peT form the bend. Results have shov.rn that the ciT curnfer ential 
strain becomes unifoTm only when the bend angle exceeds a ceTtain 
. . 1 . . 1 3 cr1tl.ca m1n1mun1 va ue. The value is dependent on the bend radius 
and the total angle of bend. Assuming that constant volun1e is 
maintained "\vithin the bend portion of the strip, the transverse 
cross-section of a bent strip must be that of a distorted trapezoid 
with curved ends. 
Stress is the force per unit area on which the force acts. 4 
In Telation to deflection OT bending H varies fr orn the neutral axis 
outward in both directions towards the surfaces of the material. 5 
Ther efoT e n1inute areas or elements) as this thesis will call them, 
u 
can be thought of as being infinitesimal small areas with each 
experiencing a different stress and strain situation as a function 
of its location from the neutral axis. The stress used in this thesis 
will be the engineering stress. This is the force applied divided 
by the original cross-sectional area. An application of stress pro-
duces a strain. Strain as used in this thesis will be the engineering 
strain which is the ratio of the change in length of an element to its 
original length. 
The relationship between stress and strain for elastic deformation 
is defined by the modulus of elasticity of the material. It is determined 
by the binding forces between atorns. 6 For single metal strips it is 
measured by the ratio of stress to strain within the elastic limit. 
For composite metal strips~ the rnodulus of elasticity in tension is 
found by using a fornmla which takes into consideration the individual 
moduli of the metals involved as well as their volume percentage 
h ll . h" k 7 in relation tot e avera stn.p t 1c ~ness. 
Where: 
The formula is as follows: 
Ec ;:.':" a1 E1 I a2 E2 I · • · I an En 
a1 7 a2 7- • • ·an 
E -: 
c E ::: 
a :: 
Modulus of elasticity of the co1npositc 
Modulus of elasticity of the individual metals 
Volume of individual metals in percent 
(Eq. l) 
7 
Beyond the elastic limit, the strain is not cornpletely recovered 
on the rem oval of the stress and the metal is plastically deformed. 
Elastic deformation ahvays accornpanies plastic deformation and 
thus the total strain is the sum of plastic strain and elastic strain. 
\Vhen the stress is removed, the unloading line v.rill return along a line 
parallel to the elastic straight line portion of the stress-strain curve. 
The start of plastic flow can be very gradual or very abrupt. When the 
flow begins gradually .. the deviation point from the straight line 
portion of the tensile curve is difficult to determine accurately. This is 
why offset lines are often used to deterrnine yield strength. Other 
metals experience a -...vell-defined beginning of plastic flow; however, the 
offset yield strength is still generally used to promote uniforrnity of 
results. The. 2o/o offset yield strength vvill be used in this paper. 
During a tensile test two opposin~ factors operate to determine 
the load required for a given extension. These are strain hardening 
which tends to increase and load required fGr a particular strain 
increment and the other is a reduction in cross-sectiornl area which 
tends to deer ease the load required for a particular strain incr ernent. 
A.t a location on the curve close to the yield point, strain hardening 
don1 inates. At very large extensions strain hardening cannot 
compensate for a deer ease in eros s- section so localized necking starts. 
'rhe load begins to fall off and the load curve passes thru a 
maximum. 8 Lubahn and Felgar found that the strain hardening 
rate is comparatively large for annealed pure metals and 
single phase alloys such as copper. brass and austenic stainless 
steels. Strain hardening rates are much lower for highly cold 
worked samples of the single phase metals just mentioned, and for 
dispersion hardened alloys such as cold rolled steel, age hardened 
aluminum alloys and quench-and-tempered steels. The higher the 
strain hardening rate. the greater is the percentage difference 
between the yield strength and the proportional li1nit. When a stress-
strain curve in the plastic region is horizontal the n1etal is said 
to have no strain hardening; when the stress increases continuously 
the metal is said to strain harden. 9 
At the maximum on the curve, any portion of the specilnan 
that is weaker will elongate under the applied loads slightly more 
than the rest of the speciman. This will tend to decrease the area 
and increase the local str.ess so that further elongation will occur in 
the thin portion and the neck will develop. This necking "vould corre-
pond with an excessive stress on the surface of a bend giving an open-
ina in the surface on the convex side leading to failure of the material. 
b 
9 
G. Deflections "Within the Elastic Limit 
The deflection of flat type cantilever springs within the 
elastic limit can be found by one of the tvv'O follovv'ing equations 
10 depending upon the information known about the spring. 
D ~ 
2 f L2 
3 E t 
D -:: Deflection in inches 
E ~ Modulus of elasticity in lbs. /sq. in. 
P ::. Total load in lbs. 
f :: Maximum pern1issible tensile or 
compressive stress in lbs. /sq. in. 
(This can be ultin1ate tensile strength 
divided by factor of safety. proportional 
limit or offset yield strength.} 
b :: Width of strip in inches 
t ~ Thickness of strip in inches 
L := Length of strip in inches 
Per the formulas above. it can be seen that the maximurn 
(Eq. 2} 
deflection for a given length and ·width strip type cantilever spring 
is a function of the modulus of elasticity and the allo·wable maxirnun1 
stress which is generally taken as the. 1 or . 2% offset yield strength. 
Usually the maximum allowable stress is called the safe v,rorking 
stress and is set up to be even lower than the offset yield strength. 
10 
This insures that no permanent deformation occurs in the spring. 
A generally safe design stress for sin1ple flat springs under static 
load is approximately 75o/o of the tensile strength. The compara-
tive stiffness or elastic modulus varies for different materials in 
use by as much as 2: l. Therefore a high elastic modulus and a 
high yield strength would lead to a minimum size for a given spring. 
Low modulus is helpful "vhen high deflections are needed for a 
minimum load or stress. 11 If no bends are required on the spring 
then the design procedures are very straightforward and mathe-
matical. However 1 if some bending or forming is to be done on the 
spring material~ somewhere along its length~ then it is possible 
that a material could be too hard to make the required bends. This 
situation will be discussed later in this thesis. Strength can vary 
for materials which would be possibly U~?ed for springs by approxi-
n1ately 5: 1. This i.n combination with the modulus then can give a 
situation where there is as much as 10:1 difference. Tensile 
strength data is not too h_elpful in evaluating possible spring materials 
since safe working stress has to be associated with the yield strength 
and as v.rill be found later in the thesis~ the relation ship between the 
yield strength and the tensile strength of various materials can be 
quite different. 
11 
D. Bending Beyond the Elastic Limit 
Shanley12 substantiates that the ordinary stress -strain diagraxn 
properly extended can be used as the key to bending problems. In 
bending it is important to have the stress-strain diagram cornplete 
through the point of ultimate tensile strength. This means that the 
curve up to the point of localized plastic instability or localized neck-
ing is important in bending. The total strain up to the n"1aximum point 
of the stress-strain diagram defines the maximum strain available 
from any element in the cross -section of the bent material without 
localized necking and surface roughness. 
The stress-strain diagra1n is ordinarily run as a one-way load-
ing to failure. A bending operation of course involvesgoing only part 
way to failure. A given element within a specimen being bent can be 
considered as a stress-strain curve loading situation corresponding 
to the total amount of strain to which the given element is subjected. 
Therefore it is of interest to understand what happens during the 
removal of a stress at a given strain which is less than the strain 
corresponding to the ultimate tensile strength. 
During unloading, the element experiences essentially elastic 
unloading. The unloading line moves back to zero stress at the same 
slope as the elastic portion of the original curve. Upon reloading, the 
line will follow the unloading line and will continue on the original 
1.2 
stress -strain curve at the same slope at which it left off. 
Bending must be thought of as leaving the bent portion in the 
form of a portion of a cylinder. A bent strip has a neutral plane. 
Bending involves no change in the area or relationship of clen1.cnts in 
the neutral plane of the sheet. Fig. 2 shows the geometry of a bend. 
Fig. 3 shows· the stress-strain distribution in a bend. All of this 
discussion thus far has been covering elements in tension. Elementary 
bend theory assumes that on the compression side of the neutral axis. the 
elc1nents are undergoing compressive stresses and strains which arc 
equal in magnitude but opposite in sign to their counterparts on the 
tension side. 
Shanley mentions that the two major problems in simple bend-
ing are the minimum bend radius and springback. A large bending 
radius is usually not desirable since the geometry of-most bent parts 
usually dictates that as sharp a radius as possible be given to the 
material. The usual way in which the minimum bend radius is deter-
mined is by actual test and by bend curve data. This is true of Olin's 
1 1. 13 market dcve opment po 1cy. Olin allows some surface roughening. 
From similar triangles as shown in ·Fig. 3. the following 
14 
equations can be found : 
e/y:. 1/R or e-;;.y/R (Eq. 3) 
the neutral axis is considered at the mid-point of the strip when a 
more accurate location is not known. This gives: 
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If the allowable elongation e rnax. is known~ then the minimum value 
of R/t may be found by substituting e max. into the equations just 
mentioned. 
Sachs has shown that the ductility of narrow parts as shown 
in bending is considerably larger than that of broad parts. Wide 
parts usually crack first in the center of the outside of the strip 
whereas narrow parts generally crack at the edges. This is due to 
a curling of the cross-section on the narrov,r part whereas the reason 
for the fracture on the wide parts is contributing transverse tension. 
Springback may be defined as the process of elastic recovery 
when the pressure being exerted on a formed part is ren1oved. As 
shown in Fig. 3, each longitudinal element undergoes a tensile or 
compressive strain which is proportional to its distance from the 
neutral plane. For simplicity only the outer clcn1ent need be con-
sidered. If the outer ele1ncnt is assumed to behave as pr edictcd by 
a stress- strain diagrarn then upon unloadin'g of the for c c after the 
bend is formed, the clement will follow a path back to the zero stress 
line at the same slope as the original curve showed prior to the yield 
point. Therefore there will be a residual strain er and a spring back 
strain es~ equal to the difference between er and et which was the 
total strain that the cle1nent expeTienced when the force was applied 
during the bending operation. If er / et is considered then this quantity 
16 
represents the completeness of forming. This ratio is comn10nly 
called the forming factor. It is designated by the symbol F. Should 
F.:: 1. 0 then the forming would be complete and there would be no 
springback. If it equals zero then there would be complete spring-
back. An entire range of intermediate values between zero and one 
is possible for F depending on the material being bent, the radius 
and the thickness of the material. If two materials arc to behave 
the same then they must have the same forming factors. 
Fig. 4 shows Schroeder's condition for equilibrium of all 
elements after springback. This shows that the elements each 
follow the slope of the elastic portions of the original tensile or 
compression curve back to an equilibrium condition. The condition 
for stability after the spring back has occurred must be for both 
the compression side of the bend and the tension side of the bend, 
a summation of moments about the neutral axis must equal zero. 
The curve has to be of a shape that will allow the strains to remain 
in direct proportion to the distance of the elements from the 
neutral axis. It can be seen from this curve that the resultant 
stresses are not zero. They must be distributed in such a way 
that the bending moment around the neutral axis will be equal to 
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to zero in all the elements will be investigated as to its influence 
on the results obtained by the simpler theory which excludes this 
contribution to springback. 
CHAPTER II 
DISCUSSION 
A. Study of Metal Strips Subjected to a Bending Moment 
1. General comments 
19 
This study started after seeing field results of bends in 
manufactured parts made from brass Alloy 260~:~ clad/low carbon 
steeH~~:< core composite strip when fabricated on tools designed 
for processing solid brass Alloy 260. The bends made on the 
brass /low carbon steel composite exhibited much less spring-
back than did the solid brass. This caused the co1nposite formed 
parts to have incorrect shapes. Initially the composites had been 
suppli~ci with the same mechanical properties as was specified by 
the user for the solid brass. This property for roll temper items 
was either an ultimate tensile strength range or a yield strength 
range. The ranges nearly ahvays involved a rolling reduction of 
above ZOo/o after the last anneal. 
*70o/o c:opper - 30o/o zinc Cartridge Brass hereafter referred to as 
"brass. " 
*>!<Purchased to a specification of c'arbon • l o/o maximum. 
20 
Strips of solid brass, solid low carbon steel, and brass clad/ 
low carbon steel core composites, with varying cladding thicknesses 
within the com1nercially practical range, were subjected to a bending 
mon1ent around a fixed radius to explore what the differences v.,rould 
be. The application of a pure bending moment is an ideal method of 
bending. It gives the most uniforrn distribution of strains in the 
affected ar ca. It allows the best initial comparison between materials. 
Once the initial differences were seen, then additional 
materials of types similar to the brass an_?- steel vve:re run to evaluate 
the possible differences within a material family. .Alsq 1naterials were 
tried which could be considered practical substitutes as a core material 
for the low carbon steel in case these substitutes gave results which 
would indicate more favorable behavior during bending. 
21 
2. Equipment used for s..trip preparaHon 
The bonded metal strip was made using the Olin POSIT -BOND 
bonding facilities. The bonded strip was made in coil form as this 
was the only practical method of obtaining a good reproducible bond 
strength because of the large scale production equipment being used. 
The strips were prepared for bonding by wire brushing both sides of 
all input strips. The strips were fed into the bonding mill and given 
a heavy reduction in one pass in excess of 50% overall reduction in 
thickness thereby effecting a metallurgical bond betv.reen the strips. 
The bonding mill is a rolling mill of very high separating force 
construction capable of withstanding the tremendous separating forces 
involved in taking heavy reductions on wide strip. The coils were 
bonded 14-1/4" wide. The metal exits from the bonding mill in coil 
form ari.d is rewound on a take-up reel. The exit gauge for the strips 
used in this study was • 070 11 gauge. The coil temperatures., 
the overall reductions., and the bonding speeds were such that 
optimum bonds were generated. 
~ 
After bonding the coils~ there was some misalignment of the 
layers at the edges of the coil and also some edge cracking due to 
the large reduction. Therefore the coils were slit on #12 production 
slitter. This slitter is capable of slitting hard steel in the gauge range 
22 
of. 050" to. 150". The coils were slit to 13-1/4" width. 
Additional cold rolling -..vas performed on the' bonded metal 
after the slitting operation. This rolling was done on a production 
Steckel mill. This mill is known as #7 Mill and has a gauge range 
of. 100" entry maximum and. 010 11 gauge minirnum exit. It is noted 
for its ability to hold very tight thickness tolerances. This Steckel 
mill has 3-1/2" diameter work rolls and 30" back-up rolls. The 
width of the mill i.s 18 11• The coils were reduced in five passes to 
• 040". 
Because production bell annealing can influence differences 
in hardnesses along the length of the coils~ the anneals were per-
formed in a Laboratory electric furnace. The Laboratory electric 
furnace is a Lindberg Box Type B -6 with a capability of a tem.pera-
ture control of± 5° C of the set point temperature. This has been 
determined many times in the past and is used for tight control on 
a great array of laboratory work. A schedule for different materials 
has been w·orked out and is posted near the Laboratory furnace which 
lists heat up time as a function of the alloy and gauge being annealed. 
These times are then added to the period of soak r equir eel and a 
correct anneal is obtained. The annealing samples were cut from the 
cold reduced coils and sheared to 8" x 12 11 pieces in order to fit into 
.23 
the furnace. 
; The finish roll temper reductions after annealing at • 040 11 
gauge were made on the strips using # 14 rolling mill vvhich has been 
given to the Olin's Metallurgical Engineering Department as it is no loncrer 
0 
used for production. This is a two high rolling mill with work rolls 
of 12 11 diameter. The now cut-to-length samples (as a result of 
Laboratory annealing) were hand fed through the rolling mill. There 
"vas no set number of passes taken on a given strip. The important 
thing was that the proper percentage rolling reduction and final 
gauge was obtained. 
The apparatus used to subject the rolled temper strips to a 
bending moment is sho·wn in Fig. 5. It is a five inch-pound Tinius 
Olsen Stiffness Tester. The load being applied was not of importance 
for this test and was not recorded. The unit was simply used as a 
bending device to apply a bending moment to the strip. The radius on 
the Tinius Olsen Stiffness Tester is 1/16 11 • The distance of the bend-
ing ar1n fro1n the radius ~o vvhich the metal is clamped is 1 11• The 
bend angle is determined by turnjng the crank on the side of the 
machine which in turn applies a bending n>oment to the sample strip. 
The lower indicator dial is the only one used in this work. The indi-
cator needle is set at zero when the strip is started in its bending 
24 
Figure 5 
Tinius Olsen Stiffness Tester 
25 
processo The crank is turned until a certain bend angle is reached. 
The crank is then turned in the opposite direction until an indicator 
light goes off signifying that contact has been broken between the 
bending arm and the strip. That point then defines the permanent 
set in the strip. The difference between the angle of bend and the 
permanent set angle is the amount of spring back in degrees. 
The tensile testing machine used is the Olin Metallurgical 
Laboratory standard unit. It is a Baldwin Unit with 24., 000 lb. 
capacity. It is capable of automatically producing a load-strain 
curve as prepared strip is being subjected to a tensile force. The 
strain is measured by an extensometer with a 2 11 gauge range. 
This extensometer is clamped directly to the strip. It feeds the 
strain impulse back to a recorder which is attached to the tensile 
machine. The recorder plots the curve p.s the test is being run. 
The maximum error in the tensile machine is 1% of the full scale 
reading. 
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3. Procedures and :rri3.terials used 
Brass clad low carbon steel was the first type of composite 
which was sent to Olin's.potential customers for evaluation. Those 
co1nposites involved in bending applications were roll temper iterns. 
The initial materials subjected to the bending tests on the Tinius 
Olsen Stiffness Tester were solid brass., solid low carbon steel and 
a brass/low carbon steel/brass, 10o/o/80o/o/IO% volume percentage., 
tri-clad composite. The chemical analyses of all the Jnatcrials used in 
the study are listed in Table I (appendix). 
The starting gauges and the subsequent rolling reductions 
were held as closely as possible. The gauge tolerance ma:~imums 
were±. 0005" of the desired gauges. It was decided that percent 
rolling reduction from a comn1on annealed gauge would be the common 
denominator of the study. An annealed gauge of. 040" v.ras picJ.;:cd as 
this was good stopping point for the bonded metal since it had been 
subjected to more than 80% cold work during the bonding and subse-
quent rolling to • 040" overall gauge. The. 040" gauge also allovted 
for cold rolling reductions to the annealed metal without ending up 
with a gauge which was impractically thin. An additional reason was 
that much of the metal shipped for roll ten1per bendinz applications 
falls within the gauge range of. 020"-. 040". 
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Each of 'the types of strip were given laboratory anneals which 
were standard for them. The anneals are listed in Table II (appendix). 
The annealed grain size is given in Table II (appendix} and the mechani-
cal properties of the annealed metal as well as the subsequently cold 
reduced strips are given in Table III (appendix). 
The brass. low carbon steel, and brass clad low carbon steel 
composite arrived at the bend test starting gauge of • 040" as follo ... vs. 
The brass was taken hard at. 072 11 gauge from the coil of metal being 
processed through the Brass Mill for raw material to be supplied to 
the bonding facility for usc as cladding material on the brass clad low 
carbon steel con1posite. A piece · of the • 072 11 gauge hard brass was 
finish rolled at # 14 Mill to • 040 11 gauge and annealed. The steel was 
taken from the coil of hot rolled raw material which was used in 
making the bonded coil of composite. The hot rolled steel was. 187 11 
gauge. The steel was cold rolled to . 040" at # 14 Mill and given an 
anneal. The composite was made by using the hot rolled steel and 
brass raw materials of the right proportion to achieve a volume per-
centage in the as-bonded strip of lOo/o brass/80o/o lov,r carbon steel/lOo/o 
brass. The bonded strip was edge trimmed at# 12 slitter, and rolled 
to. 040" gauge overall thickness on #7 Steckel mill. Pieces of the coil 
were then annealed. The coil was 13-1/4 11 wide at that stage. At this 
point all initially used materials were at • 040 11 gauge soft. 
The annealed strips were then given cold rolling reductions 
to. 032 11 ~ • 028 11 , • 024 11 , and. 020 11 gauge. This gave respectively 
20o/o, 30%, 40o/o, and SOo/o cold rolling reduction from the anneal. 
The limit of 20o/o minimum was picked because this is the least 
amount of reduction to which spring materials and materials to be 
bent are cold reduced. Also by rolling at least 20o/o, the slight 
differences in yield strength from sample to sample after annealing 
are eliminated. This has been found to be true historically over the 
years in Olin's processing experience. A maximum of SO% was set 
because this is about the most cold working that can be performed on 
these materials if a significant bend must be performed on the strip. 
Excessive cold work would cause premature failure on the outer radius 
of the bends and would not give true results in this test progra1n. 
Sample strips were cut 1/4 11 wide x 3 11 long. The strip was 
inserted into the holddown clamp on the Tinius Olsen Stiffness Tester 
and the strip was brought into contact with the bending bar located 
one inch fron1 the clamp. The light on the Stiffness Tester indicated 
when contact had just been made. The strip was checked for straight-· 
ness and then the angle of bend indicator was moved to zero. After an 
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initial trial run'it was established that bend angles of 10° ~ 20° • 30° • 
45° ~ 7 5° • and 90° would b c points at which spring ba·ck data would be 
taken. The bending moment was applied to the strip by turning the 
handle on the Tinius Olsen Stiffness Tester. The angle of bend was 
given to the material. held for two seconds and then the handle was 
turned in the opposite direction until the indicator light showing strip 
contact with the bending bar could be made to flicker on and off by 
very slight moverl)ents of the bending handle. The angle indicated by 
the pointer on the lower dial beca1ne the permanent set angle. The 
difference between the angle of bend and the pern1anent set angle was 
the number of degrees of springback. The bend data was very repro-
ducible. Each 1naterial was run twice using tvvo samples cut side by 
side. The data in all cases gave the same results vvithin one half of 
a degree. The smallest division on the scale v-1as one degree. Table 
IV (appendix} gives the bend data for the initial run. Figs. 6. 7 • and 
8 present the data graphically. 
The ultimate tensile strength •• 2% offset yield strength and 
percent elongation for each of the materials at each of the rolling 
reductions is listed in Table III (appendix}. The tensile specin1ens 
were prepared by taking an 8 11 piece of san1ple strip and cutting it to 
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then milled on a tensile san1ple milling machine. One tensile speci-
men was pulled for each of the samples at each of the gauges. This 
result was compared with Alloy Data Curves. 15 If the results did 
not compare within 4~ 000 psi with tensile and yield strength results 
shown in the Alloy Data~ then additional samples were pulled. This 
had to be done only in one case. This rnethod Teduced the amount of 
testing while insuring accuracy. 
After seeing the initial Tesults which indicated significant 
differences in springback among the thT ee materials used~ additional 
materials were processed to the . 040 11 soft starting condition as well 
as to the . 024" soft starting gauge. The . 024" soft starting gauge was 
done in order to have companion materials for the Arn1co Super Soft 
low carbon steel which could only be obtained at • 024" gauge. At the 
same time it also gave a comparison between the behavior of the solid 
low carbon steel and brass at a lighter gauge than the original sample 
run. 
The additional materials foT the .010" starting gauge soft are 
as follows. The Alloy 1100 alurninum was chosen because it was an 
exa1nplc of an alloy which would be potenti2-lly a core n1atcrial for 
composites. It also has a modulus and mechanical properties ·which 
are much dHferent from the original three materials studied. It bonds 
3~ 
easily with copper. It would offer a density advantage v,rhen 
co1npared to a low carbon steel core. The aluminum was prepared 
by taking some 0-temper . 125" gauge raw material which was on hand 
at the bonding facility and rolling it on #14 mill to the . 040" gauge. · It 
was annealed and then given the same percentage reduction that the 
original three materials received. 
The Alloy 510 phosphor bronze was picked because it is in 
the same copper base alloy family as the Alloy 260 brass. It has 
the same modulus of elasticity as brass and similar roll temper 
properties. It was obtained from a coil being processed through the 
Brass Mill. The sample was obtained at • 072" gauge hard and was given 
additional cold rolling to • 040" gauge at #14 mill and then annealed. 
The 304 stainless steel was chosen because it has a modulus 
only slightly higher than the low carbon steel but vastly different 
work hardening characteristics and mechanical properties. The 
sa1nple used came from cold rolled and annealed raw material from 
the bonding facility at ~ 04~" gauge soft. 
The muffler grade stainless steel .. which was Allegheny 
Ludlum's MF -1, was taken from bonding facility stock at • 187" gauge 
as hot rolled. It was cold reduced to. 040" gauge at #14 n1ill and 
annealed. It was chosen as being a possible substitute core material 
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for the low carbon steel. 
The Armco Super Soft low carbon steel was introduced because 
it had the same modulus as the low carbon steel but had a vastly 
different grain size and different initial work hardening and mechani-
cal property differences. The only sample obtainable was • 024 11 gauge. 
Therefore, for control and for comparison, some of the samples of the 
originally used low carbon steel and brass were rolled fr01n. 040" 
gauge hard to. 024 11 gauge, annealed, and run with the Armco material. 
The Armco Super Soft lovv carbon steel was· obtained in the annealed 
condition; this extra soft steel represented a possible core material 
substitute for the regular low carbon steel if it showed significantly 
diffe:rent springback characteristics. 
A composite of 5o/o/80o/o/15o/o, brass/low carbon steel/brass was 
made up to compare with the 10%/80%/1 Oo/o composite made from the 
same materials. This composite was bonded, processed to. 040" 
gauge and annealed in the same n1anner as earlier described for the 
1 Oo/o/80o/o /1 O% version. This composite is also commercially important. 
It is used where a heavier cladding layer of brass is needed on one side 
of the strip. 
Electrolytic tough pitch copper, alloy 110, was included in the 
study as an example of another potential cladding material. It "vas also 
36 
included as a comparison for the next material to be mentioned. This 
copper was ob~ained at o 072'' gauge rolled ternper. It was given 
additional cold rolling to 0 040 11 gauge at #14 milL It was then annealed 
in the laboratory furnace. 
Another commercially important composite, 1 Oo/o/BOo/o/1 Oo/o, 
11 0 copper /11 00 aluminum/11 0 copper .. was made to evaluate against 
its component materials and to see if its bending behavior was similar 
to the composites mentioned earlier. This triclad was produced in 
the same manner as the other two to a gauge of . 040 11 • It was annealed 
in the laboratory furnace. 
Alloy 0629 is a new Olin aluminum bronze alloy which has a 
relatively low yield strength/ ultimate strength ratio in the annealed 
condition. It was obtained at • 0197 11 gauge from a test lot being processed 
through the plant. It was used for cornparison with brass at the sarne 
thickness and yield strength. 
The anneals used on these additional·materials are listed in 
Table II (appendLx) and the rnechanical properties are listed in Table 
Ill (appendix). All of the subsequent rolling reductions 'vver e performed 
on #14 mill. All of these additional materials were given the same 
bending angles in the stiffness tester apparatus. The data is listed 1n 
Table IV (appendix). The data is shown in graphical forrn in Figures 
14 through 25 (all in appendix). 
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4. Results 
After the Stiffness Tester bending work was ·completed. 
the results were reviewed. This was accomplished by first conso-
lidating the data in Table V (appendix) for the purpose of interpret-
ing the data's meaning. From the series of curves for all of the 
materials except Alloy 304 stainless steel in the. 040" gauge start-
ing point bending series~ there eventually was a bend angle for 
which the strain became uniform. It is suspected that 304 stain-
less steel would also show this if the bending device were capable 
of bends greater than 90°. The brass also showed this tendency 
in the lighter gauge when the strain in the outer elements was not 
as great as at its heavier gauge. The springback curves for a 
particular material have shapes analogous to the shape of the load-
strain curve for that material at the temper at which it was bent. 
The curves that become horizontal very quickly co--ordinated "vith 
the mechanical properties of the material having a high yield strength/ 
ultimate tensile strength _ratio. 
The materials which were related closely such as Alloy 510 
phosphor bronze is to Alloy 260 brass and the low carbon steel is to 
the Arn1co Super Soft steel shov-.r that chemical difference and grain 
size differences are not appreciably significant. The yield strength/ 
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ultimate tensile strength ratio and absolute value differences in the 
mechanical properties will contribute to slight differences betv.reen 
thctn; however~ nothing near the amount which would allow one to 
behave appreciably different from another one subjected to similar 
bends at similar tempers and gauges. 
The results of the composite brass clad/low carbon steel 
core material indicates that its behavior is in£11.1enced by both of the 
materials of which it is composed. The influence of the steel core is 
more than the influence of the brass. This result would be considered 
quite normal in that a major portion of the volume percentage of the 
composite thickness is steel. The yield strength/ultimate tensile 
strength ratio of the composite is between the steel and the brass value. 
No difference was seen in the way the 5o/o~ 1 Oo/o~ or 15o/o sides behaved in 
bending when the overall volume percentage of the cladding is the sa1ne. 
The 10o/o/80o/o/10o/o., copper/1100 aluminum/copper composite 
gave results in the bending which would also place it between the results 
of its component materials. 
For a given material with an equivalent set of mechanical 
properties and roll-terli,Per reduction, the thinner the material., the 
greater will be the amount of spring back. 
The results indicated that several factors were influencing 
the results. These would be the modulus of elasticity, the yield strength., 
the ultimate tensile strength., and the yield strength/ultimate tensile 
strength ratio. Assuming that the elementary theories of bending 
applied during the stiffness tester bend work, then the situations 
depicted in Fig. 9 were each present in the results. The literature 
offered no help in a method of extrapolating from one material to 
another by a co1nrnon denominator. There are many formulasl6, 17 
which predict the spring back of a knov.rn material but none could be 
found which would extrap-late from one material to another if the 
mechanical properties of one were known and a specific radius was 
required. In reviewing Fig. 9 and the data of this portion of the 
study, a common factor was noticed. It was reasoned that if the 
forming factor, namely • F: er could be extrapolated from one de-
et 
sired set of conditions and material to another then equivalent 
reaction upon bending could be expected. Part B of this Discussion 
Cllap;er which follows, shows the development of a method whereby 
the forming factor ratio of a known set of conditions can be projected 
graphically to predict the necessary properties in a substituted 
material which will give the same forming factor and therefore the 
same springback during bending as the known material. 
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Figure 9 
Qualitative stress-strain relationships present in the stifhlCss lester 
springback results. 
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B. Development' of a Method to Predict the Mechanical Properties 
of a Substitute Metal Strip when a Specific Amount of Spring.back is 
Desired 
1. Development of the general n1ethod 
The point of view taken in the development of this method is 
that a certain radius is available on the bending equipment. and the 
springback must be the same for a substituted material as it is for 
the presently used metal strip. From Part A of this Chapter • the 
forming factor was seen to be the common factor through which the 
translation could be made from a known set of conditions of mechani-
cal properties, bend radius, springback and metal thickness to the 
unknown mechanical properties of a substitute metal strip having 
the same bend radius, springback, and overall metal thickness. 
The follo·wing steps present the develop1nent of the general 
method. Refer to Fig. 10 for the graphical presentation of the steps 
listed below. 
Step 1. Develop tl:e stress-strain curve for the presently 
used metal strip. This can be made from the automatically plotted 
load-strain curve obtained from a tensile machine to which an 
extensometer plotting attachment is affixed. This device was used 
in this thesis. Line A-B d Fig. 10, shows a hypothetical curve for 
a metal strip having a modulus of elasticity of 16, 000,000 psi. 
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Step 2. Calculate the permanent strain in the bend which n1ust 
be ·duplicated. This calculation is performed by usin-g Eq. 3. The 
neutral axis is assumed to be located at. 4t fron1 the compression 
side of the bend where t equals the metal strip overall thickness. 
Industrial experience has shown this to be a reliable assumption. 18 
The radii used in fabricating copper based alloys are usually relatively 
small. They produce relatively large strains in the outer elements 
of the bend surface.. This shows up as a surface roughness. Therefore 
these elements are beyond the highest peak "of the stress-strain curve. 
Inner elements a.re not. Thus if this method is to be accurate it must 
take into account the work hardening that is present. If the per-
manent strain from Eq. 3 is greater than • 5o/a~ then use • 5o/a as point 
C in Fig. 10. If the calculation result is not greater than. 5o/a~ then 
use the result value as point C. This will make the method develop 
in the most accurate portion of the engineering stress-strain diagram. 
Step 3. Develop es of the known material (the springback or 
elastic strain which was present during bending) by projecting line 
C-D upward at the same slope as the modulus of this metal strip 
until it intersects curve A-B at point D. Then project line D-E 
straight dovvnward staying perpendicular to line A-E. The distance 
C-E defines the elastic strain involved in getting a pern1anent strain 
of • 5% with a certain radius. The elastic strain was taken up by an 
overbend during forming. 
Step 4. Project line A-F at the slope of the modulus of the 
proposed metal strip. Develop the • 2% offset line G-H for this 
substitute metal. 
Step 5. Project line C-J at the same slope as the modulus 
of the proposed material. Extend line D-E until it meets line C -J 
at point K. Point K represents the stress-strain relationship 
required in an element on the tension side of the bend for the proposed 
material if. 5% permanent strain is required. 
Step 6. Determine the stress value of point K. In this 
example it is 107 ~ 000 psi~ When this value is knov.rn~ proceed to 
Fig. 11. This graph shows a plot of the mechanical properties of 
the proposed metal strip as a function of final rolling reduction 
after the last anneal. Point K lies somewhere on line N -0 of 
Fig. 11. Points X andY correspond to amounts of cold rolling. 
reduction taken on the proposed material aftE'r its last anneal. 
Fig. 12 shows the stress -strain curves for the proposed substitute 
material. These can be p;repared at as close an interval as 
necessary. A material with a rapidly changing yield strength/ 
ultimate tensile strength ratio would require more frequent 
intervals than would one with a ratio ncar unity. 
Step 7. Take the stress-strain curve from Fig. 12 which 
lies within or closest to range X -Y and transfer it to Fig. 1 O. The 
4s 
transferred curve must pass through point K. The curve is shov,rn in 
Fig. 10 as being line M-L. 
Curve M-L meets the. 2% offset yield strength line~ G-H. of the 
proposed material at point M. This point denotes the • 2o/o offset yi~ld 
strength of the proposed metal strip necessary for it to behave in 
an equivalent manner in respect to springback as does the presently 
used strip. In industrial practice, a reasonable yield strength spread 
could be specified with the stress value of point M being the midpoint 
of the range. 
In the following section. the general method developed in 
this section will be tried in actual situations randomly chosen 
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stress-strain curve,~ beyond the. 2o/o offset line at various cold 
rolling reductions for hypothetical substitute metal strip 
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2. Application of the n::ethod to specific situations 
The first situation which was set up and run to test the validity 
of the general method was to substitute 5o/o/80o/o/l5o/o by volume brass/ 
low carbon steel/brass composite for solid brass in a specific bend 
situation at a given gauge. The criteria for a. successful substitution 
was decided to be ±1° (total of 2°) of springback between the presently 
used strip and the substituted strip. This degree of accuracy is well 
"th" t . d . 1 . 19 Wl. 1n mos 1n ustrJ.a accuracy requ1rements. 
The bending device used to simulate _bends made in actual 
manufacturing situations was the Olin Metallurgical Laboratory's 
~tandard bend tester. This device is sho-vvn in Fig. 13. It approxi-
mates the action of a wiper -former type bending setup. 
The initial randomly chosen verification situation was selected 
using. 032 11 gauge solid brass with a 20% r'olling reduction as being 
the presently used material. The material to be substituted~ which 
must behave the same during bending as the solid brass~ was chosen 
to be. 032" gauge l5o/o/80o/o/5o/o by volume brass/lov-1 carbon steel/brass. 
The radiu.s over which the materials would be bent vras pjcked to be 
1/16". The initial bend angle was chosen to be 45°. The. 032' 1 gauge 
brass was sorne of the same material used earlier in this study; it v.ras 
rolled fron1 • 040 n gauge annealed temper to • 0 32 11 gauge with a rolling 
Figure 13 




reduction of 20o/o~ The mechanical properties of this metal are 
identical with those presented earlier in the study. The graphical 
method for this translation is shown in Fig. 26 (appendjx). The er 
in the outermost element in tension was found by using Eq. 3. The 
value of e = (. 6) (. 032) in. .. • 255 in. /in. 
r (. 0625) /. (. 4) (. 032) in. 
Since this 
value was greater than • 5o/o, the value for point C was • So/o strain. 
The modulus for the composite was found by calculation using the 
= (20o/o}(l6xl0 6)..f.(80%)(30xl06) = 
100% 
weighted average fQrmula: 
27.2 x 10 6 psi. The stress-strain curves for the composite beyond 
the yield point for various rolling reductions for the annealed condition 
are shown in Fig. 28 {appendix}. These curves were taken from the 
tensile machine automatically plotted charts. The 50% reduction stress-
strain curve was used in extrapolating point Kover to the. 2% offset 
yield line of the composite., This curve was used since it had a 
yield strength/ultimate tensile strength ratio so close to unity that 
no significant error would be introduced even though the yield 
strength requirement for ~he composite sho-..ved that it would have 
to be rolled greater than 50%. Since frmn Fig. 26 the yield strength 
value required for the composite wa.s quite high, the next problem 
was to figure out how much rolling reduction would be required to 
have the composite attain the necessary • 2% offset yield strength of 
104, 000 psi. This problem was solved by going to Fig. 2 7 (appendix) 
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which is frorn Olin Alloy Data and shows the ultimate tensile strength 
and yield strength as a function of percent rolling reduction. The 
yield strength required from the graphical method sh.owcd that the 
cornposite had to have very high rolling reduction in order to attain 
the necessary yield strength. Therefore some of the original • 040" 
hard brass/low carbon steel/brass composite was given additional 
·rolling reduction to • 032" gauge. Tests indicated that the. 2o/o offset 
yield strength was 1 04~ 200 psi. This -..vas very close to the needed 
psi as dictated by the graphical method. 
The solid brass strip and the heavily cold reduced composite 
were subjected to the 1/16 11 radius initial bend of 45° on the standard 
bend tester. A 1/4 11 wide strip of each of the materials was bent to 
45° and then allowed to spring back as desired. The strips vrere then 
taken to the Tinius Olsen Stiffness Tester where they were inserted 
into the holddovrn device and were checked to see what the permanent 
set angle of each was. The permanent set angle on the composite was 
37°. This result was true for both the 5o/a and 15o/o brass sides placed 
on the tension side of the bend. The permanent set angle on the solid 
brass was 3 7°. Therefore the method had accurately predicted the 
cornposite n 1 echanical properties necessary to give equivalent spring-
back after bending. 
The second verification of the method v.ras chosen to be a 
prediction of the mechanical properties of. 028 11 solid brass that 
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would give equivalent springback results to . 028 11 solid 304 stainless 
steel when both materials "\vere bent over a 1/16 11 radius with an initial 
bend angle of 6oo, The. 028" solid 304 stainless was the same 
material that was used in the first portion of this bend study. It 
had been rolled from an annealed gauge of • 040 ". The er for the 
outermost element was found by using Eq. 3. The value of e is· 
r 
• 228 in. /in. Therefore • 5o/o strain is used as point C. The modulus 
for the 304 stainless was 28 x 106 psi; 16 x 1 o6 psi '.vas used for the 
solid brass. Figure 29 (appendix) shows the graphical method used 
to predict the. 2o/o offset yield strength of the solid brass at. 028 11 
gauge necessary to give equivalent springback in bending. The 30% 
·reduction stress -strain curve picked from Fig. 31 (appendix) was a 
result of knowing that point K existed on line N -0 of Fig. 30 (appendix) 
which shows n1.echanical properties versus percent rolling reduction 
for solid brass. The data for this curve was obtained frorn tensile 
test work in this thesis and verified against 9lin Alloy Data. The . 2% 
offset yieid strength required on the brass which resulted from the 
graphical evaluation v,ras 64,500 psi. This yield strength result for 
the solid brass was very close to the ·64,1 00 psi yield strength which 
was exhibited by the. 028 11 gauge solid brass rolled from • 040 11 gauge 
annealed temper that was used in the first portion of this study. Thus, 
this metal was used. Both the. 028" solid brass and the. 028" solid 
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304 stainless were given bends on the standard bend tester over a 
1/1 6" radius to an initial bend angle of 60°. The permanent set 
angle on the brass after bending was determined by checking on the 
Tinius Olsen Stiffness Tester to be 51°. The stainless steel per-
manent set angle was also 51°. Again~ the method accurately 
predicted the necessary properties in the brass for obtaining equivalent 
sprin.gback conditions as compared to the solid 304 stainless steelv 
The third verification of the proposed method was to substi-
tute 1 Oo/o/BOo/o/1 Oo/o by volume Alloy 110 copper /1100 aluminum/11 0 
copper for solid low carbon steel at • 020 11 gauge. The situation 
randomly chosen was to predict tb.e yield strength of the copper-
aluminum composite necessary to give equivalent springback proper-
ties to solid low carbon steel when both materials are at. 020 11 gauge. 
Th~ radius arbitrarily ..;hosen was 1/32 11 radius and the initial bend 
angle was 60°. The. 020 11 solid low carbon steel was taken from 50o/o 
cold reduced metal annealed at • 040 11 gauge. It was the same material 
that was used in the initial bend study portion of this thesis. The 
residual strain in the outer elements of the convex side of the bend, 
er, was found to be • 305 in. /in. The modulus of elasticity for the 
composite was calculated and found to be 11. 2 x 1 o6 psi. Fig. 32 
(appendix) shows the graphical method used to predict the yield 
strength necessary in the copper -aluminum composite in order to 
have equivalent springback when compared to the solid low carbon 
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steel. Figs. 33 and 34 (both in appendix) were utilized to establish 
the 30,. 000 psi required yield strength for the copper -aluminum 
composite. This was the yield strength of the composite rolled 
50% reduction from. 040" gauge. Thus,. the same material used in 
the first portion of the study was utilized her e. 
Strips 1/4" wide of both the solid low carbon steel and the 
1 Oo/o/80%/1 Oo/o,. 110 copper /110 0 aluminum/11 0 copper were given an 
initial bend angle of 60° on the Laboratory standard bend tester over 
the 1/32 11 radius. The permanent set angle of both strips was 
measured on the Tinius Olsen Stiffness Tester. The permanent set 
angle for the copper -aluminum composite vvas 56°; the permanent 
set angle for the solid low carbon steel was 55°. Once again the 
graphical method had been successful in predicting the mechanical 
properties of a proposed change in mater~als to give equivalent 




A new method has been developed which can accurately predict 
the. 2% offset yield strength of a proposed solid metal strip and 
certain composite metal strips when it is desired that this material 
be substituted for a known temper material in a specific bend situation. 
The composites studied, namely, 1 Oo/o/SOo/o/1 O% and 5%/S0%/15o/o , 
260 brass/low carbon steel/260 brass and 10%/80%/10%, 110 copper/ 
11 0 0 alun1inum /11 0 copper were also found to behave accurately 
using the developed method. The composites studied and the solid 
material studied were found to obey the basic theories of bending 
which say that an clement located in the cross section of a bend behaves 
as predicted by the stress -strain curve for the material of which the 
element is composed under the conditions of stress -strain to which 
it is submitted. Secondly. the elements are assumed to follow a path 
back toward the equilibrium stress value which occurs after bending 
at a slope which is the same slope as the modulus of the solid material 
or composite. 
By utilizing the techniques of the method developed in this 
thesis, Schroeder's condition of the elements after equilibrium did 
56 
not influence the·accuracy of this method. This is because the method 
incorporates the work hardening characteristics of the materials 
being used. This was seen from the very accurate results which 
were obtained in the verification of the. method. 
For two metals with the same modulus and yield strength# 
the metal with the lower • 2% offset yield strength/ultimate tensile 
strength ratio will have the greater springback under the same bend 
conditions. 
Similar materials# such as low carbon steel is to Super Soft 
low carbon steel and brass is to phosphor bronze# were found to 
behave in similar ways with respect to springback. The stress -strain 
curve and the absolute values thereon dictate the bend results. 
Chemistry and grain size are significant only as they affect the stress-
strain curve and its yield strength and ultimate strength. 
It was verified that the ordinary engineering stress- engineering 
strain diagram which is generated on a standard laboratory tensile 
machine can be utilized to accurately predict the springback tendencies 
of bent metal strip when incorporated with the method developed in 
this thesis. 
The 10%/80%/1 Oo/o and So/o/80%/1 5% composites of brass I 
low carbon steel/brass were found to give no different reaction in 
bending depending on which side was on the convex side of the bend. 
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For the three composites studied, it was found that they behaved in a 
manner consistent with the bending theories applied to solid materials. 
As more composites become available for bend test work in an array 
of gauges and layer thicknesses, additional work should be performed 
utilizing the method developed in this thesis to explore the ne-...v 
composites 1 ability to behave in bending as have the three composites 
studied in this thesis. 
It was verified that for the same material with the same • 2% 
offset yield strength and ultimate strength, the lighter gauge material 
will display more springback. 
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Figure 14 
1100 Aluminum stiffness tester springback results for reductions 
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Figure 1 5 
Copper /1100 aluminium/copper, 10o/o/80o/o/l0o/o, composite stiffness 
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Figure 16 
Copper stiffness tester spring back results for reductions fron1 
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Figure 17 
510 Phosphor bronze stiffness tester springback results for 
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Figure 18 
304 stainless steel stiffness tester spring back results for 
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Muffler grade stainless steel stiffness tester springback results 
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Figure 20 
Brass/low carbon steel/brass, So/o/80%/15%, cornposite stiffness 
tester spring back results for reductions fron1 . 040 11 gauge annealed 
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Figure 21 
Brass /low car bon steel/brass, 5o/o /80o/o/15o/o, composite st:iffnes s 
tester springback results for reductions from . 040" gauge annealed 
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Figure 22 
Armco Super Soft low carbon steel stiffness tester springback 
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Figure 23 
Low carbon steel stiffness tester springback results for reductions 
from • 024 11 gauge annealed temper. 
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Figure 24 
Brass stiffness tester springback results for reductions from • 021 11 
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Figure 25 
Alloy 0629 aluminum bronze stiffness tester springback results 
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Figure 26 
Graphical method of predicting the • 2% offset yield strength of 
S%/80o/0 /15o/o brass/low carbon steel/brass composite to give same 
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Figure 27 
(after Olin Alloy Data) 
Mechanical properties versus percentages cold rolling reduction for 
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Figure 28 
Str cs s - strain curves beyond • 2% offset line at various cold rolling 
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Figure 29 
Graphical method of predicting the • 2% offset yield strength of solid 
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Figure 30 
Mechanical properties versus percentage cold rolling reduction 
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Figure 3 l 
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Stress - strain curves beyond. 2o/o offset line at various cold rolling 
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Figure 32 
Graphical method of predicting the. 2% offset yield strength of 
lOo/0 /80%/10% copper/1100 aluminum/copper composite to give same 
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Figure 33 
Mechanical properties versus percentage cold rolling reduction for 
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Figure 34 
Stress - strain curves beyond • 2o/o offset line at various cold rolling 
reductions for 10%/80%/10% copper /1100 aluminum/copper compc.Bite 
strip. 
Table I 
Chemical Analysis of Materials Studied 






brass/low carbon qteel/brass. 10o/o/80o/o/10o/o 
brass cladding 
low carbon steel core 


















. 1 max. 
70. 6 
difference 









< . 01 
remainder 
Table I con 't. 
Chemical Analysis of Materials Studied 










110 copper /1100 aluminum/110 copper. lOo/o/ 80o/o /10% 
llO copper cladding 

















• 1 1 
trace 
remainder 
99. 95 min. 
trace 








Table I con 't. 
Chemical Analysis of Materials Studied 
type of metal strip 
110 copper 
510 phosphor bronz·e 























99. 95 min. 
trace 

















Table I con 't. 
Chemical Analysis of Materials Studied 
type of metal strip 











brass/low carbon steel/brass, 15%/SOo/o/5% 
brass cladding 


























< . 01 
remainder 
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Table I con 't. 
Che~ical Analysis of Materials Studied 
type of metal strip elements percentages 
Armco Super Soft low carbon steel 
chemistry is not being disclosed 
by the manufacturer 

















annealing conditions for rnetal strips annealed in 
laboratory furnace using nitrogen atmosphere 
type of 
metal strip 











brass/low carbon steel/brass, 10o/o/80o/o/10o/o. 040 11 
650 1 
low carbon steel. 040 11 
650 1 






brass: • 052mm 
#8 ASTM 
• 018mm 
110 copper /llOO aluminum/110 copper • 10o/o/80o/o/10o/o • 040 11 
270 




copper: • OlOmm. 
aluminum: • 022mm 
copper: • OlOmm 
• 015mm 
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Table II con 't .. 
annealing' conditions for 1netal strips annealed in 
laboratory furnace using nitrogen atmosphere 
annealing soak 
type of temperature tirne 
metal strip {degrees centigrade) (hours) 
510 phosphor bronze • 040 11 
550 1 
304 stainless steel • 040" 
received in the 
annealed condition 
muffler grade stainless steel • 040 11 
775 1 
brass/low carbon steel/brass 15%/80%/5%.040 11 
650 1 
Armco Super Soft low carbon steel • 024" 






15% brass; • 055mm 
steel: #8 A.STM 
5o/o brass: • 045mm 
#1 ASTM 
S9 
Table II con 't. 
annealing· conditions for metal strips annealed in 
laboratory furnace using nitrogen atrnosphere 
type of 




low carbon steel • 024 11 
650 
brass • 024 11 
650 












grain structur c 
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Table III 
mechanical properties of annealed and cold reduced strips 
cold roll ultin1ate .·2o/o offset 
reduction tensile yield 
type of gauge desired strength strength elongation 
metal strip (inches) {percent) (103 psi) (103 psi) (percent) 
brass 
• 0401 annealed 48. 6 32.0 52 
• 0323 20 64.2 52. 6 27 
• 0284 30 73.1 64.1 14 
• 0242 40 81. 8 72.2 8 
• 0201 so 89. 2 81. 1 6 
brass/low carbon steel/brass .. 10o/o/80o/o/10'1o 
• 0401 annealed 51. 2 33. 2 38 
• 0322 20 63. 8 61. 8 12 
• 0285 30 73.0 70. 8 5 
• 0245 40 80. 3 78. 9 2 
• 0203 so 85.5 83. 2 2. 5 
low carbon steel 
• 0402 annealed 53.2 35. 1 36 
• 0324 20 65.5 64. 1 7. 5 
• 0282 30 74. 6 74.0 3 
• 0243 40 80. 1 78. 6 2 
• 0205 50 85. 9 83. 2 2. 5 
1100 aluminum 
• 0402 annealed 13. 1 6. 2 40 
• 0321 zo 16. 6 15. 3 11. 5 
• 0279 30 18. 6 17. 7 5 
• 0243 40 19. 9 19. z 4 
• ozoo 50 z 1. 1 19. 5 4 
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Table III con 't. 
mechanicai properties of annealed and cold reduced strips 
cold roll ultimate • 2o/o offset 
reduction tensile yield 
type of gauge desired strength strength elongation 
metal strip (inches) (percent) (103 psi) (103 psi) (percent) 
110 copper /1100 aluminum/110 copper~ 10%/80%/lOo/o 
• 0403 annealed 20. 9 12. 8 33 
• 0323 20 25. 7 25 .. 0 5 
• 0281 30 28.0 27. 1 3. 5 
• 0242 40 29. 8 28. 8 2 
• 0205 50 31.0 30.0 2 
110 copper 
• 0402 annealed 34. 9 12. 3 46. 5 
• 0323 20 42. 8 40. 8 10 
• 0284 30 47. 5 46.4 5. 5 
• 0244 40 49. 9 48.3 3. 5 
• 0202 50 53. 5 52. 2 2. 5 
510 phosphor bronze 
• 0400 annealed 55. 3 32. 9 47 
• 0323 20 70.0 63. 6 25. 5 
• 0283 30 80. 8 74.2 15 
• 0243 40 92. 6 87. 0 9 
• 0202 ·50 99. 8 92.4 6. 5 
304 stainless steel 
• 0401 annealed 88. 0 35. 7 56 
• 0322 20 126. 5 106. 0 24 
• 0285 30 139. 8 119. 5 17. 5 
• 0243 40 151. 7 137. 1 12 
• 0202 50 166. 8 148. 5 6 
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Table Ill con 't. 
mechanical properties of annealed and cold reduced strips 
cold roll ultimate 
reduction tensile 
type of gauge desired strength 
metal s~rip (inches) (percent} (103 psi} 
muffler grade stainless steel 
• 0400 annealed 62.0 
• 0322 20 99. 2 
• 0283 30 103. 2 
• 0242 40 109. 3 
• 0202 50 113. 2 
brass /low carbon steel/brass~ 15o/o /80o/o /5o/o 
• 0401 annealed 
• 0321 20 
• 0279 30 
• 0240 40 
• 0201 50 


























































Table ill con 't. 
mechanicai properties of annealed and cold r cduc ed strips 
cold roll ultimate • Zo/o offset 
reduction tensile yield 
type of gauge desired strength strength elongation 
metal strip (inches} (percent) (10 3 psi} (10 3 psi} (percent) 
low carbon steel 
• 0243 annealed 52.~ 34. 6 35 
• 0194 20 65. 5 65.2 4 
• 0170 30 74.2 73. 8 1 
• 0147 40 78. 8 76. 6 • 5 
• 0120 50 85. 8 85. 6 • 5 
brass 
• 0243 annealed 47.3 31. 2 53 
• 0194 20 63.3 54. 8 21 
• 0170 30 73.2 65. 7 12. 5 
• 0146 40 81. 0 74.0 6 
• 0123 50 88. 5 83. 0 3 
0629 aluminum bronze 





Tinius Olsen Stiffncs s Tester 










solid low carbon steel annealed at • 040 11 
. 032 20 10 3 
• 032 20 20 12 
. 032 20 30 22 
. 032 2o· 45 37 
• 032 20 75 67 
.032 20 90 82 
. 028 30 10 2 
• 028 30 20 11 
. 028 30 30 21 
. 028 30 45 36 
. 028 30 75 66 
.028 30 90 81 
. 024 40 10 1.5 
. 024 40 20 9 
. 024 40 30 19 
. 024 40 45 34 
• 024 40 75 64 
. 024 40 90 79 
. 020 50 10 1 
. 020 50 20 8 
. 020 50 30 17 
• 020 50 45 32 
. 020 50 75 62 






























Table IV con 't · 
Tinius Olsen Stiffness Tester 
bend angle versus springback angle results 
strip roll reduction bend permanent springback 
thickness after anneal angle set angle angle 
(inches} {perc en~ (degree} {degree) {degree} 
brass/low carbon steel/brass~ 10o/o /80o/o/10% composite 
annealed at • 040 II 
• 032 20 10 2 8 
• 032 20 20 11 9 
• 032 20 30 21 9 
.032 20 45 36 9 
• 032 20 75 66 9 
• 032 20 90 81 9 
• 028 30 10 2 8 
• 028 30 20 9 11 
• 028 30 30 19 11 
• 028 30 45 34 11 
• 028 30 75 64 11 
• 028 30 90 79 11 
• 024 40 10 1 9 
• 024 40 20 8 12 
• 024 40 30 17 13 
• 024 40 45 31 14 
• 024 40 75 61 14 
• 024 40 90 76 14 
• 020 50 10 0 5 9. 5 
• 020 50 20 6 14 
• 020 50 30 14 16 
• 020 50 45 28 17 
• 020 50 75 58 17 




Table IV con 't. 
Tinius Olsen Stiffness Tester 










solid brass annealed at • 040 11 
• 032 20 10 2 
• 032 20 20 9 
• 032 20 30 17 
• 032 20· 45 32 
.032 20 75 62 
• 032 20 90 77 
• 028 30 10 l 
• 028 30 20 7 
.• 028 30 30 15 
• 028 30 45 29 
• 028 30 75 59 
• 028 30 90 74 
• 024 40 10 1 
• 024 40 20 6 
• 024 40 30 12 
• 024 40 45 26 
• 024 40 75 56 
• 024 40 90 7 1 
• 020 50 10 • 5 
• 020 50 20 4 
• 020 50 30 9 
. 020 50 45 20 
• 020 50 75 49 






























Table IV con 't. 
Tinius Olsen Stiffness Tester 
bend angle versus springback angle results 
strip roll reduction bend permanent springback 
thickness after anneal angle set angle angle 
(inches) (percent) {degree) {degree) (degree) 
solid alloy 1100 alunJ.inum annealed at • 040 11 
• 032 20 10 5 5 
• 032 20 20 15 5 
• 032 20 30 25 5 
• 032 20 45 40 5 
• 032 20 75 70 5 
• 032 20 90 85 5 
• 028 30 10 4 6 
• 028 30 20 14 6 
• 028 30 30 24 6 
• 028 30 45 39 6 
• 028 30 75 69 6 
• 028 30 90 84 6 
• 024 40 10 3. 5 6. 5 
• 024 40 20 13 7 
• 024 40 30 23 7 
• 024 40 45 38 7 
• 024 40 75 68 7 
• 024 40 90 83 7 
• 020 50 10 3 7 
• 020 50 20 11 9 
• 020 50 30 21 9 
• 020 50 45 36 9 
• 020 50 75 66 9 
• 020 50 90 81 9 
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Table IV con 't. 
Tinius Olsen Stiffness Tester 
bend angle versus springback angle results 
strip roll reduction bend permanent springback 
thickness after anneal angle set angle angle 
(inches) (percent) (degree) (degree) (degree) 
copper /1100 aluminum/ copper. 10% /80o/o/10o/o composite 
annealed at • 040" 
• 032 20 10 4 6 
• 032 20 20 13 7 
• 032 20 30 23 7 
• 032 20 45 38 7 
• 032 20 75 68 7 
.• 032 20 90 83 7 
• 028 30 10 3 7 
• 028 30 20 12 8 
• 028 30 30 22 8 
• 028 30 45 37 8 
• 028 30 75 67 8 
• 028 30 90 82 8 
• 024 40 10 2 8 
• 024 40 20 11 9 
• 024 40 30 21 9 
. 024 40 45 36 9 
. 024 40 75 66 9 
. 024 40 90 81 9 
. 020 50 10 1 9 
• 020 50 20 9 11 
• 020 50 30 19 11 
• 020 50 45 34 11 
• 020 50 75 64 11 
• 020 50 90 79 11 
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Table IV Con 1t. 
Tinius Olsen Stiffness ·Tester 
bend angle versus springback angle results 
strip roll reduction bend permanent springback 
thickness after anneal angle set angle angle 
(inches} (percent} (degree) {degree) {degree) 
solid copper annealed at • 040" 
• 032 20 lO 3 7 
• 032 20 20 12 8 
• 032 20 30 22 8 
• 032 20 45 37 8 
• 032 20 75 67 8 
• 032 20 90 82 8 
• 028 30 10 2 8 
• 028 30 20 11 9 
• 028 30 30 20 10 
• 028 30 45 35 10 
• 028 30 75 65 10 
.028 30 90 80 10 
• 024 40 10 1 9 
• 024 40 20 9 11 
• 024 40 30 18 12 
• 024 40 45 33 12 
• 024 40 75 63 12 
• 024 40 90 78 12 
• 020 50 10 1 9 
• 020 50 20 7 13 
• 020 50 30 16 14 
• 020 50 45 31 14 
• 020 50 75 61 14 
• 020 50 90 76 14 
:tOO 
Table IV con 't. 
Tinius Olsen Stiffness Tester 
bend angle versus springback angle results 
strip roll reduction bend permanent spring back 
thickness after anneal angle set angle angle 
(inches} (per cent) (degree) (degree) (degr ec) 
solid 510 phosphor bronze annealed at . 040" 
• 032 20 10 1 9 
• 032 20 20 8. 5 11. 5 
• 032 20 30 17 13 
• 032 20 45 31 14 
• 032 20 75 61 14 
• 032 20 90 76 14 
• 028 30 10 1 9 
• 028 30 20 6 14 
• 028 30 30 14. 5 15. 5 
. 028 30 45 28. 5 16. 5 
• 028 30 75 58 17 
. 028 30 90 73 17 
• 024 40 10 0 10 
• 024 40 20 4 16 
• 024 40 30 11 19 
• 024 40 45 25. 5 19. 5 
• 024 40 75 55 20 
• 024 40 90 70 20 
• 020 50 10 0 10 
• 020 50 20 3. 5 16. 5 
• 020 50 30 9 21 
• 020 50 45 19 26 
• 020 50 75 48 27 




Table IV con't. 
Tinius Olsen Stiffness Tester 










solid 304 stainless steel annealed at • 040 11 
• 032 20 10 2 
• 032 20 20 8 
.032 20 30 16 
• 032 20. 45 30 
• 032 20 75 59 
• 032 20 90 74 
• 028 30 10 1. 5 
• 028 30 20 6 
·• 028 30 30 14 
• 028 30 45 27 
• 028 30 75 56 
• 028 30 90 70 
• 024 40 10 1 
• 024 40 20 5 
• 024 40 30 11 
• 024 40 45 23 
• 024 40 75 51 
• 024 40 90 64 
• 020 50 10 0 
• 020 50 20 3 
• 020 50 30 8 
• 020 50 45 19 
• 020 50 75 4'5 






























Table IV con 't• 
Tinius Olsen Stiffness Tester 
bend angle versus springback angle results 
strip roll reduction bend permanent spring back 
thickness after anneal angle set angle angle 
(inches) (percent) (degree) (degree} (degree) 
solid muffler grade stainless steel annealed at . 040" 
• 032 20 10 2 8 
• 032 20 20 9 11 
• 032 20 30 19 11 
• 032 20 45 34 11 
• 032 20 75 64 11 
• 032 20 90 79 11 
• 028 30 10 1 9 
• 028 30 20 8 12 
.• 028 30 30 18 12 
• 028 30 45 33 12 
• 028 30 75 63 12 
• 028 30 90 78 12 
• 024 40 10 1 9 
• 024 40 20 7 13 
• 024 40 30 16 14 
• 024 40 45 31 14 
• 024 40 75 61 14 
• 024 40 90 76 14 
• 020 50 10 0 10 
• 020 50 20 6 14 
• 020 50 30 14 16 
• 020 50 45 29 16 
• 020 50 75 59 16 




Table IV cor{•f. 
Tinius Olsen Stiffness Tester 














brass/low carbon steel/brass, 5o/o/80o/o/15%, composite 




























































































































Table IV con ~t. 
Tinius Olsen Stiffness Tester 














brass/low carbon steel/brass, 5o/o/80o/ol5%, composite 
annealed at. 040". 15o/o Cladding side on convex side of bend. 
• 032 20 
• 032 20 
• 032 20 
• 032 20 
• 032 20 
. 032 20 
• 028 30 
• 028 30 
• 028 30 
• 028 30 
• 028 30 
• 028 30 
• 024 40 
• 024 40 
• 024 40 
• 024 40 
• 024 40 
• 024 40 
• 020 50 
• 020 50 
. 020 50 
• 020 50 
• 020 50 












































































Table lV con 't. 
Tinius Olsen Stiffness Tester 














solid Armco Super Soft low carbon steel annealed at • 024" 
• 0192 20 10 2 8 
• 0192 20 20 11 9 
• 0192 20 30 21 9 
• 0192 20 45 36 9 
• 0192 20 75 65 10 
• 0192 20 90 80 10 
• 0168 30 10 1 9 
• 0168 30 20 9 11 
.• 0168 30 30 18. 5 11. 5 
• 0168 30 45 33. 5 11. 5 
• 0168 30 75 63. 5 11. 5 
• 0168 30 90 78. 5 11. 5 
• 0144 40 10 1 9 
• 0144 40 20 7. 5 12. 5 
• 0144 40 30 16. 5 13. 5 
• 0144 40 45 31 14 
• 0144 40 75 61 14 
• 0144 40 90 76 14 
• 0120 50 10 0 10 
• 0120 50 20 6 14 
• 0120 50 30 14 16 
• 0120 50 45 28 17 
• 0120 50 75 58 17 
• 0120 50 90 73 17 
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Table IV con \t." 
Tinius Olsen Stiffness Tester 
bend angle versus springback angle results 
strip roll reduction bend permanent spring back 
thickness after anneal angle set angle angle 
(inches) (percent) (degree) {degree) {degree) 
solid low carbon steel annealed at • 024 11 
• 0192 20 10 1 9 
• 0192 20 20 10 10 
• 0192 20 30 20 10 
• 0192 20 45 35 10 
• 0192 20 75 65 10 
• 0192 20 . 90 80 10 
• 0168 30 10 1 9 
• 0168 30 20 9 11 
• 0168 30 30 18 12 
• 0168 30 45 33 12 
.• 0168 30 75 63 12 
• 0168 30 90 78 12 
• 0144 40 10 1 9 
• 0144 40 20 7 13 
• 0144 40 30 16 14 
• 0144 40 45 31 14 
• 0144 40 75 61 14 
• 0144 40 90 76 14 
• 0120 50 10 0 10 
• 0120 50 20 4. 5 15. 5 
• 0120 50 30 13 17 
• 0120 50 45 27. 5 17. 5 
• 0120 50 75 57. 5 17. 5 




Table IV con 't. 
Tinius Olsen Stiffness Tester 










solid brass annealed at . 024 11 
• 0192 20 10 0 
• 0192 20 20 5 
! 0192 20 30 13 
• 0192 20 45 27 
• 0192 20 75 55 
. 0192 20 90 69 
• 0168 30 10 0 
• 0168 30 20 5 
. ~ 0168 30 30 11 
• 0168 30 45 23 
. 0168 30 75 51 
• 0168 30 90 65 
. 0144 40 10 0 
• 0144 40 20 2. 5 
• 0144 40 30 8 
• 0144 40 45 19 
• 0144 40 75 45. 5 
• 0144 40 90 59. 5 
• 0120 so 10 0 
• 0120 so 20 2 
• 0120 so 30 6 
• 0120 so 45 15 
• 0120 so 75 39. 5 
































Table IV con 1t. 
Tinius Olsen Stiffness Tester 














solid alloy 0629 aluminum bronze annealed at. 020" 
• 020 0 10 0 10 
• 020 .o 20 3 17 
• 020 0 30 10 20 
• 020 0 45 22 23 
• 020 0 75 49 26 
• 020 0 90 62 28 
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Table V 
consolidation of mechanical properties, yield strength/ 
ultimate strength ratio, and stiffness tester results 
yield ultimate 
strength tensile spring back 
type of gauge • Zo/o offset strength YS/TS after 
metal strip (inches) (103 psi) (103 psi) ratio 75° bend 
ZOo/a reduction from • 040" 
brass • 032 52. 6 64. 2 • 819 13 
brass/LCS/brass 
10o/o/80o/o/10o/o . • 032 61. 8 63. 8 • 969 9 
low carbon steel • 032 64.1 65. 5 • 979 8 
1100 aluminum • 032 15. 3 16. 6 • 923 5 
110 cu/1100 al/110 cu 
lOo/o/80%/IOo/o • 032 25.0 25. 7 • 973 7 
110 copper • 032 40. 8 42.8 • 953 8 
510 phos. brz. • 032 63. 6 70. 0 • 909 14 
304 stainless steel • 032 106. 0 126. 5 • 838 16 
muffler grade 
stainless steel • 032 98. 0 99. 2 • 988 11 
brass /LCS /brass 
s% I 80o/o /15% .032 61. 0 64.4 • 947 9 
20% reduction from • 024 11 
brass • 0192 54. 8 63. 3 • 866 20 
low carbon steel • 0192 65. 2 65. 5 • 995 10 
Armco Super Soft • 0192 57. 9 60.4 • 959 10 
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Table V con 't 
consolidati.on of mechanical properties~ yield strength/ 
ultimate strength ratio~ ancl stiffncs s tester results 
yield ultimate 
strength tensile spring back 
type of gauge • 2o/o offset strength YS/TS after 
metal strip (inches) (103 psi} (103 psi} ratio 75° bend 
30o/o reduction from • 040 11 
brass • 028 64. 1 73. 1 • 877 16 
brass /LCS/brass • 028 70. 8 73. 0 • 970 11 
10o/o/80o/o/10% 
low carbon steel • 028 74.0 74. 6 • 992 9 
1100 aluminum • 028 17. 7 18. 6 • 952 6 
110 culllOO al/110 cu 
lOo/o I 80o/o /10% • 028 27. 1 28. 0 • 968 8 
no copper • 028 46.4 47. 5 • 977 10 
510 phos. brz. • 028 74.2 80.8 • 918 17 
304 stainless steel. 028 119. 5 139. 8 • 855 19 
muffler grade 
stain1es s steel .028 101. 5 103. 2 • 984 12 
brassiLCS/brass 
15% I f!Oo/o I 5o/a • 028 69.3 72. 2 • 960 11 
30% reduction from. 024"' 
brass • 0168 73. 8 74.2 • 995 24 
low carbon steel • 0168 65. 7 73. 2 • 898 12 
Arn1co Super Soft • 0168 68. 0 69. ~ • 986 11. 5 
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Table V con 't. 
consolidation of mechanical properties. yield strength/ 
ultimate strength ratio, and stiffness tester results 
yield ultimate 
strength tensile spring back 
type of gauge • 2% offset strength YS /TS after 
metal strip (inches) (103 psi) (103 psi) ratio 75° bend 
40o/o reduction from • 040 11 
brass • 024 72. 2 81. 8 • 883 19 
brass/LCS/brass 
10%/80%/lOo/o • 024 78. 9 80. 3 • 983 14 
low carbon steel • 024 78. 6 80. 1 • 981 11 
1100 aluminum • 024 19. 2 19. 9 • 965 7 
110 cu/1100 al/110 cu 
10o/o/80o/o/10o/o • 024 28. 8 29. 8 • 966 9 
110 copper • 024 48. 3 49. 9 • 968 12 
510 phos .. br z. .. 024 87. 0 92. 6 • 940 20 
304 stainless steel • 024 137. 1 151. 7 • 904 24 
muffler grade 
stainless steel • 024 107. 7 109. 3 • 985 14 
brass/LCS/brass 
15o/o/80o/o/5o/o • 024 78. 1 79. 0 • 989 14 
40o/o reduction from .024 11 • 
brass • 0144 74.0 81. 0 • 914 29. 5 
lo'vv carbon steel • 0144 76. 6 78. 8 • 972 14 
Armco Super Soft • 0144 69. 7 71. 0 • 982 14 
ll2 
Table V con 't. 
consolidation of mechanical properties, yield str cngth I 
ultimate· strength ratio, and stiffness tester results 
yield ultimate 
strength tensile spring back 
type of gauge • 2% offset strength YS/TS after 
metal strip (inches) (103 psi) (103 psi ratio 75° bend 
50o/o reduction fro1n. 040 11 
brass • 020 8 L 1 89. 2 • 909 26 
brass /LCS /brass 
10%/S0%/10% • 020 83. 2 85. 5 • 973 17 
low carbon steel • 020 83. 2 85. 9 • 969 13 
1100 aluminum • 020 19. 5 2 1. 1 • 924 9 
110 cu/1100 al/110 cu 
10%/80%/10% • 020 30. 0 31.0 • 968 11 
110 copper • 020 52. 2 53. 5 • 976 14 
510 phos. brz. • 020 92.4 99. 8 • 926 27 
304 stainless steel. 020 148. 5 166. 8 • 890 30 
muffler grade 
16 
stainless steel • 020 110. 7 113. 2 • 978 
brass/LCS/brass 
15°/o /BO% /5% • 020 82. 9 86. 0 . 964 17 
SO% reduction froln. 024 11 
brass • 012 83. 0 88. 5 • 938 35.5 
low carbon steel • 012 85. 6 85. 8 • 998 17. 5 
Armco Super Soft • 012 74. 6 74. 7 • 999 17 
Table V con 't. 
consolidation of n1echanical properties, yield ~tr ent;t11 / 





special situation as annealed 
0629 alum. brz. • 020 
yield 
strength 
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